In eukaryotes, the basic helix-loop-helix (bHLH) motif confers on proteins the ability to bind DNA in a sequence-specific manner (25) . DNA binding requires dimerization through the helix-loop-helix domain (11, 34) , but it is the basic domain that binds to DNA (11, 53) . Among proteins containing the bHLH motif are the members of the MyoD family. These regulatory proteins, specific to skeletal muscle, are able to induce muscle differentiation of various nonmyoblast cells (7, 54) . It is thought that in order to activate transcription of the genes participating in muscle differentiation, MyoD must form heterodimers with the bHLH proteins encoded by the ubiquitously expressed E2A gene discovered by Murre et al. (39) . Since both MyoD and E2A proteins are present in undifferentiated myoblasts, an explanation is required as to how muscle precursor cells are prevented from differentiating. Such an explanation was provided by the discovery of Id proteins (4) .
Ids are a group of ubiquitous nuclear proteins that possess the helix-loop-helix domain but are missing the basic domain and therefore cannot bind DNA. The initial discovery of Id1 was followed by those of Id2 (48) , Id3 (9) , and Id4 (44) . Id1 is present at high levels in proliferating myoblasts and is strongly down-regulated when myotubes are formed. Therefore, it appeared likely that Id1 prevented differentiation of muscle precursor cells by forming nonfunctional heterodimers with bHLH proteins required for differentiation and that when myoblasts ceased multiplying, the fall in Id1 released these bHLH proteins, which then became free to activate the genes participating in myogenesis (55) . The products of the E2A gene and MyoD were likely candidates for heterodimerization with Id1 (4) . The demonstration that overexpression of the Id1 gene in myoblast cell lines delayed their onset of differentiation and that Id1 and E2A proteins formed heterodimers in vivo gave additional support to the idea that Id1 prevented muscle differentiation by sequestering the products of the E2A gene (27) . Similar observations were later reported for Id3 (2, 37) , and it is now thought that a general fall in Id levels is required before myoblasts can differentiate.
3T3-F442A is a fibroblast cell line able to differentiate into adipocytes with a high frequency (22) . Adipose conversion of 3T3 cells is a faithful model of the development of adipose tissue (23) . Adipogenesis shares a number of features with myogenesis. Both cell types are derived from a common mesenchymal precursor. The pluripotent fibroblast cell line C3H10T1/2 will form both myotubes and adipocytes with high frequency upon treatment with 5-azacytidine (41, 49) . Growth arrest is necessary for differentiation of both preadipose and myoblast cell lines. Adipose and muscle differentiation both depend on serum factors which are particularly abundant in fetal calf serum. Growth hormone, which accounts for about half of the adipogenic activity of fetal calf serum (38) , is also capable of promoting differentiation of myoblast cell lines generated by azacytidine treatment (41) . Because of these similarities, we thought that unknown bHLH proteins might control the adipose differentiation program in a manner similar to that in which MyoD family members control myogenesis. One would then expect Ids to be negative regulators of adipose differentiation, as they are of muscle differentiation. We therefore decided to examine the expression of the Id genes during adipose differentiation. We show that Id3 is present at higher levels than Id1 and Id2 in preadipocytes and that all three Ids virtually disappear early in adipose differentiation. We also demonstrate that constitutive expression of Id3 blocks adipose differentiation.
the medium was supplemented with 1% calf serum and 9% cat serum, which is virtually devoid of adipogenic activity. Differentiation of cells kept in cat serum was induced by addition of human recombinant growth hormone to the culture medium. Differentiation of confluent 3T3-L1 cells was induced by adding isobutylmethylxanthine and dexamethasone to the culture medium (45) . Primary cultures of rat preadipose cells were maintained and allowed to differentiate as described previously (13) .
Plasmids. Plasmids containing the Id1, Id2, and Id3 cDNAs were constructed for use as probes. Short PCR fragments were first generated. For Id1 and Id3, the PCR fragments were used to screen a ZAPII cDNA library. The recombinant pBluescript plasmids were rescued from the phages according to the supplier's recommendation. Nearly full-length Id1 and Id3 cDNAs were identified by sequencing and used as probes in all experiments. For Id2, the short PCR product was used directly as a probe after cloning in pGEMT (Promega) by A/T cloning (29) . For PCR, RNA was extracted from preadipose cells and cDNAs were synthesized with reverse transcriptase, using either random hexanucleotide primers (for Id2 and Id3) or a primer composed of an oligo(dT) sequence attached to an adapter (for Id1). To obtain pure Id1 and Id2 PCR products, it was necessary to perform two successive amplifications with two pairs of nested primers. In the first amplification, the two primers corresponded to nucleotides 87 to 110 and to the adapter for the Id1 mRNA (4) and to nucleotides 194 to 217 and 573 to 596 for the Id2 mRNA (48) . In the second amplification, the two primers corresponded to positions 120 to 143 and 360 to 383 for Id1 and to positions 232 to 251 and 542 to 561 for Id2. A pure fragment derived from the Id3 cDNA was amplified in a single PCR with primers corresponding to positions 107 to 130 and 277 to 300 (9) .
A 983-bp glyceraldehyde phosphate dehydrogenase probe was obtained by reverse transcription (RT)-PCR amplification from total RNA with two specific primers. The PCR product was cloned directly into pGEMT by A/T cloning. The ␤ 3 -adrenergic receptor probe consisted of a BamHI/BglII fragment derived from the mouse gene (40) . The actin, glycerophosphate dehydrogenase, adipocyte lipid binding protein, and adipsin cDNA probes were kindly provided by Howard Green (47) .
For use in transfection experiments, expression vector pBK-CMV-Id3 was constructed. It was derived from pBK-CMV (Stratagene), a plasmid containing the neomycin phosphotransferase gene, the cytomegalovirus (CMV) early promoter placed immediately upstream of a polylinker, and a simian virus 40 (SV40) polyadenylation fragment. The Id3 cDNA was excised from pBluescript SK with EcoRI and inserted at the same site in the polylinker of pBK-CMV. The lac promoter, located between the CMV promoter and the polylinker, was deleted by cutting with NheI and SpeI. Because these two enzymes generate compatible sticky ends, the plasmid was religated, thus placing the ATG of the Id3 cDNA and its consensus Kozak sequence immediately downstream of the CMV promoter. The orientation of the Id3 cDNA was determined by restriction mapping and confirmed by dideoxy sequencing with Sequenase version 2.0 (U.S. Biochemical). The sense orientation (pBK-CMV-Id3) was used in transfections. The Id3 cDNA that we used is interrupted 14 nucleotides upstream of the mRNA poly(A) addition site. Within pBK-CMV-Id3, the Id3 cDNA is fused to an SV40 poly(A) addition fragment. The transcript originating from the plasmid uses the viral poly(A) addition site and therefore possesses a 3Ј end different from that of the natural Id3 transcript. As a consequence, the two mRNAs can be distinguished in an RT-PCR by using different antisense primers. In one transfection experiment, we placed the Id3 cDNA into pcDNA3 (Invitrogen Corp.), another expression vector also containing a CMV promoter, thus generating pcDNA3-Id3.
Northern blots. RNA was extracted from cultured cells as described by Cathala et al. (6) . Five micrograms of total RNA was electrophoresed through a 1.5% agarose gel containing 2.2 M formaldehyde and transferred to nylon membranes (Nytran-Plus; Schleicher & Schuell). Hybridization to probes labelled by random priming (16) was carried out as described by Church and Gilbert (10) . Membranes were washed twice for 30 min in 2ϫ SSC (1ϫ SSC is 150 mM NaCl plus 15 mM sodium citrate [pH 7.0])-0.1% sodium dodecyl sulfate (SDS) at 63ЊC and then once in 0.2ϫ SSC-0.1% SDS for 15 min at 63ЊC. The intensities of the radioactive bands obtained after hybridization were quantitated by videodensitometry (Vilber-Lourmat videodensitometer).
Nuclear transcription. Nuclei were isolated as previously described (1) . Transcription rates were measured by incorporating 32 P-labelled UTP into nascent transcripts in a nuclear run-on assay (24); 2 ϫ 10 7 nuclei were used for each experiment. Transcripts were labelled in a 60-min reaction at 30ЊC. Nuclei were treated with DNase I and lysed with SDS and proteinase K as described by Fève et al. (18) . The nuclear preparation was then extracted with phenol-chloroform (8) . The amount of labelled UTP incorporated into transcripts was determined by trichloroacetic acid precipitation. The proportion of a specific transcript at various stages of adipose differentiation was determined by hybridizing a constant number of counts (2 ϫ 10 7 ) to 5 g of plasmid containing the cDNA dotted on a nitrocellulose filter. Plasmids had been linearized and denatured prior to dotting. After 60 h of hybridization at 63ЊC, filters were washed twice in 2ϫ SSC at 63ЊC for 30 min and treated with the same buffer containing RNase A at a concentration of 5 g/ml for 30 min at 37ЊC. Finally, filters were washed for 20 min at 63ЊC in 0.2ϫ SSC-0.1% SDS.
Stable transformants. Stably transformed cells were obtained by transfecting 30 g of expression vector. 3T3-F442A cells were plated in DMEM supplemented with 10% calf serum at a density of 5 ϫ 10 4 cells per 90-mm-diameter petri dish. The next day, plasmid DNA precipitated with calcium phosphate was added to the cells (19) (Stratagene). The precipitate was left on the cells for 24 h; the cultures were then washed with phosphate-buffered saline. G418 (450 g/ml) was added 48 h after transfection. After 2 to 3 weeks of selection, colonies of cells resistant to the drug were visible in each 90-mm-diameter dish.
In some experiments, adipose differentiation was quantitated by scoring fat cells under microscopic examination after staining neutral lipids with oil red O and counterstaining nuclei with hematoxylin (20) . In most experiments, we measured glycerophosphate dehydrogenase activity (30), a very sensitive marker of adipose conversion. The protein concentration of the cytoplasmic extract was determined by the method of Lowry (36) .
The level of expression of the stably integrated gene was determined by RT-PCR. The upstream primer corresponded to positions 106 to 129 in the Id3 cDNA (9); the downstream primer was located at positions 721 to 740 within the SV40 polyadenylation fragment (Stratagene). cDNAs were synthesized from 1 to 2 g of total RNA with murine Moloney leukemia virus reverse transcriptase (Life Technologies). The reaction buffer consisted of 50 mM Tris-HCl (pH 8.3), 75 mM KCl, 3 mM MgCl 2 , 10 mM dithiothreitol, 400 M each deoxynucleoside triphosphate 10 M random hexanucleotides (Pharmacia), and 1 U of RNase inhibitor/g of RNA. After a 1-h incubation at 42ЊC, reverse transcriptase was heat inactivated. cDNAs were then amplified by PCR in a 25-l reaction, in a DNA thermal cycler 9600 (Perkin-Elmer Cetus). The reaction buffer contained 20 mM Tris-HCl (pH 8.55), 16 mM (NH 4 ) 2 SO 4 , 2.5 mM MgCl 2 , 150 g of bovine serum albumin per ml, 125 M each deoxynucleoside triphosphate, 12.5 pmol each of sense and antisense primers, and 1 U of Taq polymerase (Life Technologies). Amplification of the Id3 mRNA was carried out for 27 cycles. This generated enough PCR product to allow detection by ethidium bromide staining after agarose gel electrophoresis, yet the amount of PCR product generated was proportional to the amount of Id3 mRNA in the sample.
RESULTS
Regulation of Id1, Id2, and Id3 mRNAs during adipose differentiation. We first quantitated Id mRNA levels in the preadipose cell line 3T3-F442A before and after differentiation and in 3T3-C2 cells, a line that converts to adipose cells with a very low frequency even in the presence of highly adipogenic fetal calf serum (21) . While they are multiplying exponentially, 3T3-F442A cells remain in a preadipose state; adipose conversion begins when the cells have grown to confluence and reach a brief phase of quiescence. RNA was prepared from 3T3-F442A cells 1 day before confluence (preadipose cells) and 8 days after confluence, when adipose differentiation is extensive. RNA was also prepared from 3T3-C2 cells at the same times relative to confluence. The relative amounts of Id1, Id2, and Id3 mRNAs were measured by Northern blotting. Values, as determined by videodensitometric scanning, were corrected for the length and for the specific activity of each of the three probes used. Data are shown in Fig. 1A .
In multiplying 3T3-F442A cells, Id3 was the main Id mRNA found: it was three times more abundant than the Id2 mRNA and five times more abundant than the Id1 mRNA. All three Id mRNAs declined to very low levels in mature adipocytes.
In exponentially growing 3T3-C2 cells, Id3 mRNA was also predominant, and the abundance of each of the three Id mRNAs was similar to that in preadipose 3T3-F442A cells. When 3T3-C2 cells reached a stationary phase, Id1 mRNA declined by six-to eightfold but Id2 and Id3 mRNAs declined very little.
To determine whether Id2 and Id3 were also down-regulated during the differentiation of adipocyte precursors other than 3T3-F442A cells, we examined the levels of the two mRNAs during differentiation of 3T3-L1 cells and primary cultures of rat preadipocytes. The responses of the two mRNAs were very similar to that observed during the adipose conversion of 3T3-F442A cells (Fig. 1B) .
Id1, Id2, and Id3 mRNAs decline very early during adipose differentiation. Total RNA and protein were prepared from cells at various times before and after confluence; these times correspond to various stages of adipose conversion of 3T3-F442A cells. Equivalent amounts of total RNA were electro-VOL. 17, 1997 Ids AND ADIPOSE DIFFERENTIATION OF 3T3 CELLSphoresed through an agarose gel, transferred to nylon, and hybridized to Id1, Id2, Id3, and glycerophosphate dehydrogenase probes. Glycerophosphate dehydrogenase is a very sensitive marker of adipose differentiation (47) . The amounts of specific mRNA, as determined by videodensitometry of the blots and the glycerophosphate dehydrogenase activity, are plotted in Fig. 2 . It is clear from these curves that all three Id mRNAs had similar time courses of decline during differentiation of 3T3-F442A cells. One day before confluence, 3T3-F442A cells contained the maximum level of each of the three Id mRNAs. By day 3, before any adipose conversion was yet visible, the level of each of the three Id mRNAs had declined to a small fraction of its earlier value. By day 5, when lipid accumulation was just starting and glycerophosphate dehydrogenase was beginning to accumulate, Id mRNAs were barely detectable, amounting to 1 to 5% of their initial values. Even after extensive differentiation, 10 to 20% of 3T3-F442A cells in the monolayer remain preadipocytes. It is likely that the remaining preadipocytes contribute most of the residual amounts of Id2 and Id3 mRNAs detected in differentiated cultures. If this is so, the decline of the two mRNAs during adipose conversion has been underestimated in these experiments. These results, therefore, indicate that the responses of the three Id mRNAs are almost synchronous and precede adipose differentiation. The early decline of the three Ids suggests that a general fall in Id levels is required for initiation of the differentiation process.
In 3T3-C2 cells, the levels of Id2 and Id3 mRNAs declined slightly when the cells reached confluence and remained essentially stable thereafter. Id1 mRNA declined markedly at day 0 and slowly until day 12, when it was barely detectable.
Relationship between Id levels, cell multiplication, and adipose differentiation of 3T3 cells. Id levels are known to be related to cell cycle. One could therefore ask whether confluent 3T3-C2 cells retain a high level of Ids because they never reach a stationary phase, and whether 3T3-F442A cells have low Id levels because their differentiation is associated with quiescence. To answer these questions, we measured the growth rates and Id levels of 3T3-F442A and 3T3-C2 cells at various times relative to confluence. Cells from both lines were inoculated at the same density; at regular intervals, cells were counted and their Id mRNA levels were determined. It is clear from Fig. 3A that a confluent culture of differentiating 3T3-F442A cells continues to grow at a significant rate and yet down-regulates Id2 and Id3. To differentiate, cultured preadipose cells have to come to a resting state, but after a brief period of quiescence, the young differentiating cells undergo a limited number of divisions (clonal expansion) that selectively increases the number of adipose cells (15, 42) . Clonal amplification explains why a confluent culture of differentiating preadipose cells never reaches a stationary phase. In 3T3-C2 cells, there is essentially no multiplication between days 2 and 8, and it is therefore clear that elevated Id2 and Id3 mRNA levels do not result from persistent multiplication after confluence (Fig. 3B) . These results were confirmed by measurement of thymidine incorporation. We estimated at 2 and 12%, respectively, the proportions of cycling cells in confluent cultures (day 8) of 3T3-C2 and 3T3-F442A cells.
Id3 mRNA during adipose differentiation induced by growth hormone. To undergo adipose conversion, 3T3 cells require the presence of an adipogenic activity present in the sera of most animals. Growth hormone accounts for about half of the adipogenic activity of fetal calf serum (38) . As cat serum is virtually devoid of adipogenic activity, the cell population remains purely preadipose (33) and the extent of fat cell formation can then be modulated by varying the concentration of growth hormone added to the culture medium. 3T3 cells were grown in the presence of cat serum. Differentiation of confluent cells was induced by the addition of growth hormone at concentrations ranging from 10 Ϫ11 to 10 Ϫ8 M. After 8 days, when adipose formation could be detected by microscopic examination, cells were harvested. Adipose conversion was quantitated by using the glycerophosphate dehydrogenase assay. The results of the enzyme assay were consistent with the number of adipose cell clusters. Id3 mRNA levels were measured by Northern blotting. As shown in Fig. 4 , a reduction of Id3 mRNA to 37%, resulting from a hormone concentration of 10 Ϫ11 M, was not followed by a detectable rise in glycerophosphate dehydrogenase activity or adipose differentiation. Growth hormone at a concentration of 10 Ϫ10 M brought the Id3 mRNA down to about 5%, and there was evident adipose differentiation and increased enzyme activity. Since there remain in such cultures a significant number of undifferentiated cells, it appears that adipose differentiation occurs only when the Id3 level falls to nearly zero. Maximum enzyme activity and lowest Id3 levels were observed within physiological concentrations of growth hormone (10 Ϫ9 M or less). It is of note that at a growth hormone concentration of 10 Ϫ10 M, the Id3 level had reached its minimum, while glycerophosphate dehydrogenase had reached only about a third of its maximum value. However, at this low hormone concentration, adipose formation proceeds slowly, and an assay performed at later times might have detected higher enzymatic levels.
Addition of fresh serum reactivates Id3 gene expression in resting 3T3-C2 cells but not in 3T3-F442A adipose cells. In many cell lines, levels of Id mRNAs show a very strong and rapid increase upon addition of serum to the culture medium. D8] ) adipose conversion of 3T3-L1 cells and of primary cultures of rat preadipocytes. Id2 and Id3 mRNAs nearly disappear during adipose differentiation but remain at high levels in resting 3T3-C2 cells. Id1 mRNA diminishes in resting 3T3 cells whether or not they can form fat cells. In both 3T3-F442A and 3T3-C2 cells, at day 1 before confluence, Id3 mRNA is three times more abundant than Id2 and five times more abundant than Id1; Id3 also predominates in 3T3-L1 cells and in rat preadipocytes. To correct for the differences in amounts among the three Id mRNAs, films were exposed for different lengths of times: a few hours for Id3 and 2 to 3 days for Id1 and Id2.
Id genes are considered early responsive genes with respect to growth factor stimulation (3, 9) . To determine if Id3 gene expression could be reactivated in mature adipocytes, 3T3-F442A cells that had been confluent for 8 days were exposed to fresh medium containing 20% fetal calf serum; the level of Id3 mRNA was then measured at short intervals following serum stimulation. The level of Id3 mRNA was very low in adipose cells and barely increased after addition of fresh serum (Fig.  5) . In contrast, although resting 3T3-C2 cells contained large amounts of Id3 mRNA, addition of fresh serum increased the Id3 mRNA over 4-fold in 1 h, to a level over 25-fold higher than that of 3T3-F442A cells. The presence of not more than a low level of Id3 appears to be a stable property of mature adipocytes.
Transcription of the Id2 and Id3 genes markedly decreases in adipose differentiation, but that of the Id1 gene remains largely unaffected. To assess whether decreased transcription was responsible for the fall in Id2 and Id3 mRNA levels resulting from the process of adipose differentiation, we labelled nuclear transcripts in a nuclear run-on assay. Labelled transcripts were hybridized to plasmids containing the following cDNAs: Id1; Id2; Id3; actin, whose RNA is present at high levels in both preadipose and adipose cells; and the ␤ 3 -adrenergic receptor, whose RNA increases to very high levels in the course of adipose differentiation (17) . In 3T3-C2 cells, there was no decrease in transcription rate of any of the three Id genes after 8 days of confluence (Fig. 6 ). In contrast, there was a strong decrease in the transcription rates of the Id2 and Id3 genes during adipose differentiation of 3T3-F442A cells, but Id1 gene transcription was little affected. Videodensitometry of autoradiographs indicated that the transcription rate of the gene for Id1 declined by about 30% in the course of adipose differentiation, while transcription rates of the Id2 and Id3 genes declined to one-fifth and one-seventh, respectively. As shown in Fig. 2 , the decline in the corresponding mRNAs was more pronounced. Decreased transcription of the genes may not account entirely for the declines in Id mRNAs that accompany adipose differentiation, especially in the case of Id1. We measured the Id3 mRNA half-life in differentiated 3T3-F442A cells and in resting 3T3-C2 cells (day 8 of confluence). Actinomycin D was added to the medium, at a concentration of 5 g/ml, to block transcription, and RNA was extracted 0.5, 1, 2, and 4 h after addition of the drug. Id3 mRNA levels were then measured by Northern analysis. Id3 mRNA half-lives were very similar in adipose 3T3-F442A and resting 3T3-C2 cells (33 and 28 min, respectively).
Expression of an Id3 cDNA under the control of a viral promoter blocks adipose differentiation. Because Id3 is the most abundant Id in preadipose cells and is sharply downregulated during adipose differentiation, we decided to determine whether constitutive expression of an Id3 cDNA prevented adipose differentiation. For this purpose, we generated stable transformants expressing an Id3 cDNA. Preadipose 3T3-F442A cells were transfected with a plasmid bearing the neomycin phosphotransferase gene and the Id3 cDNA under the control of the CMV early promoter (pBK-CMV-Id3). As controls, we generated cell lines containing the expression vector devoid of the Id3 cDNA (pBK-CMV). Each cell line was composed of a pool of several tens of clones surviving selection. Adipose differentiation of the stably transformed cells was quantitated by measuring glycerophosphate dehydrogenase activity. In the initial two experiments, we could observe by inspection under the microscope that cells transformed with pBK-CMV-Id3 were less susceptible to adipose differentiation than those transformed with pBK-CMV. This observation was confirmed by the measurement of glycerophosphate dehydro- In two other experiments, we measured enzyme activity in extensively differentiated cultures (at 8 days of confluence) and observed a slightly greater decrease in enzyme activity (Table  1) . We then decided to examine individual clones rather than pools of clones. In one experiment, we used for transfections a close relative of pBK-CMV, pcDNA3. Cells were transformed with either pcDNA3 or pcDNA3-Id3. Individual colonies resistant to neomycin were grown in 90-mm-diameter petri dishes; 20 days after transfection, cells were fixed and stained for neutral lipids with oil red O. At this stage, the clonal colonies had become sufficiently large and adipose conversion had begun at the center of numerous colonies. The frequency of adipose differentiation was estimated from the abundance of colonies containing fat cell clusters. Fifty-three percent of 102 colonies transformed with pcDNA3 contained fat cells, while 30% of 83 colonies transformed with pcDNA3-Id3 showed any evidence of adipose conversion. The difference in potential for adipose differentiation between cells transformed with the two plasmids had a high statistical significance: P Ͻ 0.002 in the 2 test. In another experiment, 11 clones transformed with pBK-CMV and 28 clones transformed with pBK-CMV-Id3 were isolated at random, grown to confluence, and allowed to differentiate for 8 to 12 days. Glycerophosphate dehydrogenase activity was measured. Clones were classified as either able or unable to differentiate, depending on whether their enzyme activity was above or below 350 mU/mg of protein. Clones   FIG. 3 . Relationship between growth rate and Id mRNA level. Cells were maintained in medium supplemented with 10% fetal calf serum. At regular intervals before and after confluence, cells were counted and Id mRNA levels were determined by Northern blotting. transformed with pBK-CMV were not affected in the ability to differentiate, whereas those transformed with pBK-CMV-Id3 retained the ability to form fat cells, although at a substantially reduced frequency. If constitutive expression of Id3 were to inhibit adipose differentiation, one might expect cells transformed with pBK-CMV-Id3 to be virtually unable to undergo adipose differentiation. However, it appeared likely to us that a clone might contain copies of the plasmid from which the Id3 cDNA was not transcribed, either because of nicks or doublestranded breaks in the CMV promoter or because the plasmid was integrated in a transcriptionally inactive region of chromatin. We therefore sought to determine if there was a correlation in clones transformed with pBK-CMV-Id3 between the ability to differentiate and the inability to express the Id3 cDNA. For each of the 28 clones transformed with pBK-CMVId3, the level of Id3 mRNA originating from the plasmid was measured by RT-PCR (see Materials and Methods), and the ability to form fat cells was quantitated by measuring glycerophosphate dehydrogenase activity. Results are summarized in Fig. 7 . Eighteen clones did not show detectable expression of the Id3 cDNA. Eight of them were capable of extensive adipose differentiation, as demonstrated by the change in shape of the cells to spherical, the accumulation of lipid droplets, and a median enzyme activity of 1,300 mU/mg of cell protein, while 10 did not undergo significant adipose differentiation. The average susceptibility to adipose differentiation of these 18 clones (45%) and their average level of enzymatic differentiation (813 mU/mg of cell protein) were similar to those of the 3T3-F442A line and to those of the clones transformed with pBK-CMV. In contrast, none of the 10 clones expressing the Id3 cDNA was susceptible to adipose differentiation; their median glycerophosphate dehydrogenase activity was only 70 mU/mg of protein, a value 19 times lower than that found in clones not expressing the cDNA and able to differentiate. In a statistical comparison of the two populations of clones shown in Fig. 7 (expressing and nonexpressing) , we found that the correlation between constitutive expression of the Id3 cDNA and inability to differentiate was statistically significant: P Ͻ 0.02 ( 2 test). To confirm that forced expression of the Id3 cDNA affected the whole program of adipose differentiation and not glycerophosphate dehydrogenase alone, we examined in randomly selected clones the levels of mRNAs encoding two other differentiation-specific proteins, the adipocyte lipid binding protein and adipsin (43, 47) . Both mRNAs accumulated in the clones that failed to express the Id3 cDNA but not in clones expressing the cDNA (Fig. 8) . We may conclude that constitutive expression of an Id3 cDNA results in an almost complete block of adipose differentiation. To determine whether virally promoted Id3 cDNA expression affected the 465 (51) 137 (24) a pBK-CMV and pBK-CMV-Id3 were used to transfect a 90-mm-diameter petri dish of rapidly dividing preadipocytes. Selection with G418 was performed in fetal calf serum for experiments 1 and 2 and in calf serum for experiments 3 and 4. Numbers of clones surviving selection in each dish are in parentheses.
proportion of cycling cells, we measured the growth rates of four clones expressing the Id3 cDNA and of two nonexpressing clones. The six clones were inoculated at the same density; 8 days after confluence, the two nonexpressing clones were undergoing adipose differentiation and the number of cells was about double that of the four clones expressing the Id3 cDNA. Thus, Id3 does not appear to prevent adipose differentiation by promoting excessive cell multiplication.
DISCUSSION
In most cell types that have been examined, Ids are downregulated when the cells cease multiplying and up-regulated when the cells are exposed to growth factors. It had been initially proposed by Benezra et al. (4) that the decline in Id1 observed when myoblasts differentiated was not part of the program of differentiation itself but was a consequence of growth arrest. It was later shown that in a number of established lines constitutively expressing Id genes, inhibition of differentiation was associated with increased cell proliferation (2, 14, 26, 35) . In 3T3 cells, we encounter a rather different situation. Stationary 3T3-C2 cells retain high levels of Id2 and Id3. In 3T3-F442A cells, a very low level of Ids is compatible with cell multiplication when this multiplication is part of the program of differentiation. The idea that down-regulation of Ids is part of the program of differentiation is given further support by the fact that in adipose conversion induced by increasing levels of growth hormone, the most sensitive and earliest response is a decrease in Id3 mRNA. The presence of a low level of Id3 appears to be a stable property of adipose cells, as addition of fresh serum does not stimulate expression of the gene. In 3T3-F442A cells, quasidisappearance of all three Ids and especially of Id2 and Id3 precedes adipose differentiation and might therefore be the cause of adipose differentiation. The ability to lower Id levels close to zero might be what determines the capacity of a fibroblast to undergo adipose conversion. 3T3-C2 cells, which cannot stably reduce their Id2 and Id3 mRNA content, cannot undergo adipose differentiation. It seems clear that adipose differentiation requires permanent reprogramming of the expression of the Id2 and Id3 genes. Regions of the Id1, Id2, and Id3 promoters controlling the expression of the genes and their responses to growth factors have been recently identified (12, 32, 46, 52) . It is necessary that the regions of DNA mediating the responses of the Id2 and Id3 genes to adipose differentiation be different from those mediating the response to growth factors. The sharp decline in Id1 mRNA observed in confluent 3T3-F442A and 3T3-C2 cells is associated with very little decrease in transcription of the gene. In 3T3 cells, Id1 appears to be regulated for the most part by a posttranscriptional mechanism.
We believe that Id3 represses preadipocyte differentiation by preventing a bHLH protein from activating the program of differentiation. Id3 could either interact directly with an as yet unidentified bHLH protein specific to the preadipose cell lineage or prevent the interaction of E2A proteins with such a transcription factor. Because Ids heterodimerize through a helix-loop-helix motif which they extensively share, it is conceivable that the three Ids interact with the same protein, in which case a general fall in Id level might be necessary for differentiation to proceed. Constitutive expression of Id3 alone essentially stops adipose differentiation, but it has not been examined whether constitutive expression of Id1 or Id2 can affect the differentiation.
Are there known proteins that would qualify as targets for Id? One known bHLH protein of adipocytes is ADD1. Although this protein plays a role in adipose differentiation, it is not a likely candidate for determining the adipose lineage since it is not specific to that lineage (28, 50) . ADD1 contains a basic leucine zipper domain in addition to its bHLH domain and therefore belongs to a family of proteins that are not considered capable of heterodimerization with Ids (31, 48, 56) . PPAR␥2 is the only known transcription factor specific to adipose cells. It is a nuclear hormone receptor that has been shown to confer an adipose phenotype to fibroblasts that do not normally undergo adipose conversion (5, 51). PPAR␥2 is not likely to interact with Id proteins, as it does not possess a helix-loop-helix motif. Expression of the gene for PPAR␥2 is induced early in adipose differentiation. In this sense, PPAR␥2 differs from MyoD and its family members since the latter are already present in nondifferentiated precursor cells. The inhibition of adipose differentiation by constitutive expression of an Id3 cDNA implies that, were Id3 regulating a helix-loophelix protein, this protein would already be present in preadipose cells. Such a protein would regulate adipose differentiation in a manner analogous to that by which MyoD controls muscle formation. A search for partners of Id2, Id3, or E2A proteins specific to the preadipocyte lineage should lead to the discovery of new helix-loop-helix proteins controlling fat cell formation. FIG. 8 . Constitutive expression of Id3 cDNA blocks the entire program of differentiation. Five clones stably transformed with pBK-CMV (pBK02N) or with pBK-CMV-Id3 (3S18, 3S03R, 3S11, and 3S10) were grown as described in the legend to Fig. 1 . RNA was prepared 1 day before confluence (D-1) and 8 days after confluence (D8). (A) Ability to express the Id3 cDNA, as determined by RT-PCR. The PCR product was resolved on a 1.5% agarose gel and visualized by ethidium bromide staining. Reactions were performed in the presence (ϩ) or in the absence (Ϫ) of reverse transcriptase to confirm that the fragment amplified was derived from the mRNA and not from the integrated plasmid. (B) Northern blots showing the relative levels of two mRNAs encoding differentiation-specific proteins, the adipocyte lipid binding protein (ALBP) and adipsin. Identical amounts of total RNA were loaded in all slots, as shown by the intensity of ethidium bromide staining of the 28S and 18S rRNAs. The two clones constitutively expressing the Id3 cDNA (3S18 and 3S03R) contained very low levels of the two differentiation-specific mRNAs.
